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© All-optical device. 



© The Mach-Zehnder type all-optical device (2) is 
characterized by each of two arms (28, 30) being 
composed at least partially of material having third 
order optical nonlinearity, and means (20, 14; 40, 42) 
for introducing a control light to a portion (16, 44) of 
each of the arms (28, 30) revealing optical non- 
linearity. By the invention, it is possible to achieve 
low power operation and ultrahigh-speed switching 
without the switching speed being restricted by the 
relaxation time of the nonlinear material 
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The invention relates to an all-optical device for 
directly controlling a light with a light, and more 
particularly to a ultrahigh-speed all-optical device 
used as an optical control device in the fields of 
particularly the optical fiber communication and 
optical data processing. 

It is absolutely necessary to drive a device for 
accomplishing optical control at higher speed in 
order to operate the optical fiber communication 
and optical data processing system at higher 
speed. In a conventional optical control device, the 
optical control has been carried out with electrical 
signals. However, in these days, attention is at- 
tracted to a process in which a light is directly 
controlled with a light, in order to carry out higher 
speed operation. This process has many advan- 
tages including that the operation speed thereof is 
not restricted by a CR time constant of an electrical 
circuit, and that optical pulses by which it is possi- 
ble to generate pulses quite shorter than electrical 
pulses are directly available. However, many unsol- 
ved problems have to be solved in order to estab- 
lish such an all-optical device. In particular, many 
requirements have to be satisfied simultaneously 
lor establishing such an all-optical device. The 
many requirements include functions of the device, 
low power operation, high transmittance of a signal 
light, and high repetition operation speed. It is 
preferred for the functions of the device to include 
that a route of a signal light can be switched by a 
control light, and also that such devices can be 
cascaded. Devices which satisfy these require- 
ments include a Mach-Zehnder type waveguide 
device and a directional coupler type waveguide 
device. Among these two devices, a Mach-Zehnder 
type waveguide device is considered to be superior 
to a directional coupler type waveguide device 
because the former needs only half the optical 
power of the latter for operation. 

Whatever form an all-optical device may have, 
the operation of an all-optical device is based on 
nonlinear refractive index change. In other words, 
the speed and energy for operation of an all-optical 
device is dependent on the speed and/or efficiency 
of nonlinear refractive index change. There are 
various nonlinear optical phenomena which accom- 
pany nonlinear refractive index change. Such phe- 
nomena can be grouped into two groups, one of 
which is resonantly enhanced phenomena and the 
other is not. Even in the present stage, if the 
nonresonant effects are utilized, an all-optical de- 
vice could perform ultra-high repetition operation at 
more than T Hz. However, such an all-optical de- 
vice is accompanied with a problem that a quite 
high optical power is required. Accordingly, it is 
necessary to reduce an optical intensity by reso- 
nantly enhanced effects. The resonantly enhanced 
effects can be grouped into coherent effects and 



others. 

For accomplishing ultra-fast response, the co- 
herent effects are preferred in which a response 
time is not restricted by a longitudinal relaxation 

5 time of an electronic system. Here, the coherent 
effects are those in which correlations in phase are 
maintained between electronic wavefunctions and 
optical fields throughout interaction of a light with a 
material. In order to achieve a coherent interaction, 

10 it is necessary that the optical pulse width is shor- 
ter than the phase relaxation time of the material in 
which the interaction takes place. In the case of 
room temperature bulk GaAs, the phase relaxation 
time is approximately in the range of 0.1 to 0.2 ps. 

75 When the optical pulse width is longer than the 
phase relaxation time, real carrier generation oc- 
curs. The operation speed is restricted by slow 
longitudinal relaxation due to the real carrier gen- 
eration, and in addition thereto, the coherent effects 

20 are prevented to reveal. It is indicated that even 
when the optical pulse width is shorter than the 
phase relaxation time, the real carrier generation 
still occur via the two-photon absorption process. 
The higher is a pulse repetition frequency, the 

25 greater is the accumulation of real carrier genera- 
tion. Accordingly, though ultra high speed phenom- 
ena can be observed with ultra-short pulses in the 
femtoseconds order, generated by a mode-locked 
laser and having a frequency of approximately 1 00 

30 MHz, it is expected that the ultra high speed phe- 
nomena cannot be observed due to influences of 
the real carrier generation as the repetition fre- 
quency increases. The above mentioned 100 MHz 
is a frequency slower than carrier lifetime. For the 

35 aforementioned reasons, at the present stage, it is 
considered to be impossible to establish an all- 
optical device which is capable of ultra-high repeti- 
tion operation utilizing resonantly enhanced coher- 
ent effects such as AC-Stark effect. 

40 On the other hand, resonantly enhanced in- 

coherent effects caused by real carrier generation 
is considered to be able to operate at low power 
smaller than 1 watt, and hence is quite practical. 
However, switch-off time of a device or relaxation 

45 time of nonlinear refractive index is restricted by 
longitudinal relaxation time or interband recombina- 
tion time of a carrier. In the case of GaAs, the 
interband recombination time is on the order of 
nanoseconds, and thus it is impossible to utilize the 

so high speed of a light- 
Accordingly, it is desired to shorten relaxation 
time of resonant incoherent effects such as band- 
filling effect by any means. There can be consid- 
ered several processes for increasing a speed of 

55 relaxation time of band-filling effect. One of them is 
to introduce recombination centers via proton bom- 
bardment, but may entail reduction of nonlinearity. 
The increase in speed of relaxation time due to 
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surface state is effective to a simple form such as- * 
etalon, but may entail doubts in compatibility with 
waveguide devices and also may have a limitation 
in increasing the operation speed. By any conven- 
tional processes such as above mentioned, it is 
impossible to achieve operation on the order of 
picoseconds for taking advantage of the high 
speed of a light, and in addition, conventional pro- 
cesses entail the reduction of nonlinearity. 

It is an object of the present invention to pro- 
vide an optical circuit capable of solving the prob- 
lems as above mentioned with respect to the phys- 
ical properties of nonlinear material, namely, a 
Mach-Zehnder type all-optical device switch-off 
time of which is not dependent on the longitudinal 
relaxation time of the nonlinear effects. 

The invention provides a Mach-Zehnder type 
all-optical device for controlling a signal light with a 
control light, comprising two arms for constituting a 
Mach-Zehnder configuration, characterized by that 
each of the arms is composed at least partially of 
material having third order optical nonlinearity, and 
the all-optical device has means for introducing a 
control light to a portion of each of the arms 
revealing optical nonlinearity. 

In a preferred embodiment, the third order non- 
linear material has absorption saturation character- 
istics and nonlinear refractive index change asso- 
ciated therewith. 

In another preferred embodiment, each of the 
arms has a plurality of portions composed of the 
material. 

In still another preferred embodiment, the op- 
tical nonlinearity of the arms are approximately 
identical with each other. 

In yet another preferred embodiment, the all- 
optical device further includes means for splitting a 
control light into two beams and then introducing 
each beam to each of the portions revealing the 
optical nonlinearity. 

In still yet another preferred embodiment, each 
of the two beams is introduced to each of the 
portions with a definite time gap. 

The advantages obtained by the aforemen- 
tioned present invention will be described herein- 
below. 

By the Mach-Zehnder type all-optical device in 
accordance with the invention, it is now possible to 
provide an all-optical device which can achieve low 
power operation and ultrahigh-speed switching 
without the switching speed being restricted by the 
relaxation time of the nonlinear material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic view illustrating a conven- 
tional Mach-Zehnder type aH-optical device. 



v r-; ? .t*-s:-. Fig. 2 illustrates waveforms of various lights 
and a change in a number of carriers in the con- 
ventional Mach-Zehnder type all-optical device il- 
lustrated in Fig. 1 . 
5 Fig. 3 is a schematic view illustrating a first 

embodiment of the Mach-Zehnder type all-optical 
device in accordance with the invention. 

Fig. 4 illustrates waveforms of various lights 
and changes in a number of carriers in the Mach- 
10 Zehnder type all-optical device illustrated in Fig. 3. 

Fig. 5 illustrates the results of simulating the 
operation of the all-optical device in accordance 
with the invention. 

Fig. 6 is a schematic view illustrating a second 
75 embodiment of the Mach-Zehnder type all-optical 
device in accordance with the invention. 

Fig. 7 is a schematic view illustrating a third 
embodiment of the Mach-Zehnder type all-optical 
device in accordance with the invention. 
20 Fig. 8 is a graph illustrating a desired satura- 

tion characteristics of nonlinear material for the 
ultra-high repetition operation of the all-optical de- 
vice in accordance with the invention. 

Fig. 9 is a conceptive view showing the opera- 
25 tion of nonlinear waveguides constituted of non- 
linear material. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

30 

Preferred embodiments in accordance with the 
invention will be explained hereinbelow with refer- 
ence to drawings. 

At first, hereinbelow is explained prior art for 

35 better understanding the present invention. 

Fig. 1 illustrates a conventional Mach-Zehnder 
type all-optical device. As illustrated in Fig. 1, the 
Mach-Zehnder type all-optical switch 1 includes 
first and second 3dB couplers 10 and 12, a 

40 wavelength selective coupler 14, a waveguide 16 
made of nonlinear material, an input port 20 for 
introducing a signal light therethrough, an input 
port 22 for introducing a control light 22 thereth- 
rough, a first output port 24, a second output port 

45 26, and optical waveguides 18 for connecting the 
foregoing with one another. The first and second 
3dB couplers 10 and 12, the wavelength selective 
coupler 14, the input and output ports 20, 22, 24 
and 26 and the waveguide 18 are all composed of 

50 optical fibers, and the nonlinear waveguide 16 is 
one made of a semiconductor of the type of GaAs 
core/AIGaAs clad. It should be noted that all ele- 
ments as aforementioned may be composed of 
semiconductor. A signal light is introduced into the 

55 all-optical switch 1 through the input port 20, and 
then split into two beams by the first 3dB coupler 
10 to introduce each of first and second arms 28 
and 30. The split signal lights transmitting through 
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the first and second arms 28 and 30 interfere with 
each other in the second coupler 12 to thereby be 
joined together. Which port 24 or 26 the signal light 
interfered with and hence joined in the second 
coupler 12 transmits to depends on relative phase 
at the second coupler 12 between the split signal 
lights transmitting through the first and second 
arms 28 and 30. That is to say, when the optical 
lengths of the first and second arms 2 8 and 30 are 
equal to each other, the signal light joined together 
is again split to the first and second output ports 24 
and 26. On the other hand, when the optical length 
of the first arm 28 is shorter than that of the second 
arm 30 by 1/4-wavelength, the signal light joined 
together is all introduced to the first output port 24. 
To the contrary, when the optical length of the first 
arm 28 is longer than that of the second arm 30 by 
1/4-wavelength, the signal light joined together is 
all introduced to the second output port 26. Ac- 
cordingly, it is possible to introduce the signal light 
introduced through the input port 20 to a desired 
output port 24 or 26 by varying the optical length 
of either of the first or second arm 28 or 30. The 
optical length is defined as a product of an actual 
propagated distance of a light and the refractive 
index. Thus, in a conventional Mach-Zehnder type 
all-optical device, nonlinear material is inserted into 
the second arm 30, and the refractive index of the 
nonlinear waveguide 16 in the second arm 30 and 
hence the optical length of the second arm 30 may 
be varied by optically exciting the nonlinear ma- 
terial. 

Accordingly, an output port through which a 
signal light is to be transmitted can be switched by 
varying the refractive index of the nonlinear 
waveguide with a control light, and thereby it is 
possible to directly control a light with a light. As is 
known in the art, this is just the operation of an all- 
optical device. Since nonlinear material (GaAs) hav- 
ing an absorption edge of about 870 nm is trans- 
parent with respect to the wavelength of a signal 
light (900 nm), there is almost no loss in a signal 
light due to absorption. For the same reason, 
change due to a signal light in the refractive index 
of the nonlinear waveguide is negligible. This is 
because that the foregoing phenomenon is non- 
resonant in which the wavelength of a signal light is 
not resonant with the material, and hence a great 
change in the refractive index will not occur at the 
wavelength unless the signal light intensity is ex- 
ceedingly high. 

On the other hand, the wavelength (865 nm) of 
a control light introduced into the nonlinear 
waveguide 16 through the wavelength selective 
coupler 14 is shorter than that of an absorption 
edge of a core of the nonlinear waveguide 16, and 
hence the control light is absorbed by the nonlinear 
material (incoherent resonant excitation). As afore- 



mentioned, in resonant excitation, even low power 
excitation can cause a great change in the refrac- 
tive index. In particular, as in the conventional 
device, it is possible to establish an all-optical 

5 device in which the nonlinearity is large, and the 
operation energy is small in the case of resonant 
absorption type nonlinear refractive index change. 
Thus, the resonant absorption type nonlinearity en- 
ables to achieve an all-optical device which can 

10 operate with low energy, but entails a problem that 
the operation speed is restricted by longitudinal 
relaxation time or carrier life time of excited photo 
carriers. Hereinbelow will be explained this situation 
with reference to Figs. 1 and 2. 

75 Fig. 2 schematically illustrates how each por- 

tion of the all-optical device 1 illustrated in Fig. 1 
varies with an axis of abscissa indicating time. For 
simplifying the explanation, it is assumed that a 
signal light transmitted through the input port 20 

20 and having a wavelength of 900 nm has a constant 
intensity as illustrated in Fig. 2. The lengths of the 
arms 28 and 30 in the case of absence of nonlinear 
refractive index change due to a control light is 
determined so that the signal light all leaves the all- 

25 optical device 1 through the output port 26. A 
control light has a wavelength of 865 nanometers 
(nm), a pulse width of 10 picoseconds (pc), and a 
repetition frequency of 1 gigahertz (GHz). The con- 
trol light is introduced into the nonlinear waveguide 

30 16 through the wavelength selective coupler 14 to 
thereby be absorbed in the nonlinear waveguide 
16, and then carriers are excited as illustrated in 
Fig. 2 in the nonlinear material of which the non- 
linear waveguide 16 is composed. 

35 As illustrated in Fig. 2, a number of carriers 

rapidly increase in proportion to the absorption of a 
pulse of the control light, and thereafter decrease 
due to recombination process. The refractive index 
of the nonlinear material is, in rough approximation, 

40 in approximate proportion to a number of internally 
excited carriers. If the energy of the control light 
pulses is such that it can generate a number of the 
carriers so that the optical length of the arm 30 is 
changed by 1/2-wave length, the optical output from 

45 the output ports 2 4 and 26 varies as illustrated in 
Fig. 2. When the carriers are rapidly excited by the 
control light, the refractive index of the nonlinear 
waveguide 16 is accordingly varied to thereby 
change the optical length of the arm 30. Hence, the 

so signal light output is rapidly switched from the 
output port 26 to the output port 24. However, 
since lifetime of the excited carriers is hundreds of 
picoseconds, recovery of the refractive index is 
restricted by that. As a result, the switching 

55 waveforms have a long tail as illustrated in Fig. 2, 
in spite of the use of excitation light having short 
pulses. 
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Hereinbelow will be explained the preferred 
embodiments in accordance with the invention. 

The invention resolves the above mentioned 
problem of the slow switch-off time. Fig. 3 illus- 
trates a first embodiment of the Mach-Zehnder 
type all-optical device in accordance with the in- 
vention. The all-optical device 2 in accordance with 
the invention is different from the conventional all- 
optical device 1 illustrated in Fig. 1 in that the all- 
optical device 2 has at both of the arms 28 and 30 
and input ports 22 and 40 through which first and 
second control lights are introduced into the all- 
optical device 2 respectively, and that the all-op- 
tical device 2 is symmetrical with respect to top 
and bottom thereof. More specifically, the all-op- 
tical device 2 includes an additional input port 40 
through which a second control light is introduced 
into the all-optical device 2, connected to the sec- 
ond arm 2 8 through a second wavelength selec- 
tive coupler 42, and a nonlinear waveguide 44 
disposed in the second arm 28. 

Fig. 4 illustrates how each elements of the all- 
optical device 2 change as times go by. A signal 
light remains having a constant intensity similarly 
to the case of Fig. 2. 

A first control light operates similarly to the 
conventional control light illustrated in Figs. 1 and 
2, and varies the refractive index of the nonlinear 
waveguide 16 by optically exciting the nonlinear 
waveguide 16 of the first arm 30. If the second 
control light is not present, the first control light 
operates similarly to that of Fig. 2. The output 
rapidly varies in accordance with the optical ab- 
sorption, and thereafter slowly returns to the initial 
state due to carrier recombination. However, in the 
illustrated embodiment, as illustrated in Fig. 4, the 
second control light excites the second arm 28 
when 50 picoseconds has passed after the excita- 
tion by the first control light. The pulse energy of 
the second control light is such that the pulse 
energy excites carriers remaining in the nonlinear 
waveguide 16 at the moment when the second 
control light excites the nonlinear waveguide 44. 
This means that the second control light has 
weaker energy than the first control light. Accord- 
ingly, at the moment when the second control light 
excites the nonlinear waveguide 44, the effective 
length of the second arm 28 becomes identical to 
that of the first arm 30. Consequently, as illustrated 
in Fig. 4, the output light transmitted through the 
port 24 rapidly rises up when the first control light 
excites the carriers in the nonlinear waveguide 16 
(switch-on), and rapidly falls down or returns to the 
original situation when the second control light ex- 
cites the carriers in the nonlinear waveguide 44 
(switch-off). As a result, the switching speed of the 
all-optical device is not dependent on the relaxation 
time of the nonlinear material. 



The foregoing can be proved by the following 
simple calculations. Assumptions made in the cal- 
culations are as follows. 

(a) The control pulses are sech 2 -shaped. 

5 (b) The number N of photocarriers generated in 
a core of the nonlinear waveguide obeys a sim- 
ple rate equation as follows: 

dN/dt = G - N/r 

10 

wherein G denotes the carrier generation 
rate, and r denotes the carrier life time, 
(c) An all-optical device is an ideal Mach-Zehn- 
der type all-optical device. 

15 

l out = 1/2 sin(A<f>-W2) + 1/2 

wherein A<f> denotes the nonlinear phase- 
shift. 

20 (d) The nonlinear refractive index change is pro- 
portional to the number of carriers, 
(e) Linear and nonlinear absorptions are negli- 
gibly small. 
The operation conditions are as follows: 

25 (a) The control pulses width is 1 ps (FWHM). 

(b) The relaxation speed of the nonlinear refrac- 
tive index change is 1 ns. 

(c) The switching speed or time interval between 
the first and second pulses is 10 ps. 

30 (d) The pulse energy of the second control light 
= 0.99 x the pulse energy of the second con- 
trol light 

The results of calculation is shown in Fig. 5, in 
which the values are appropriately normalized. In 

35 Fig. 5, the second control light is illustrated as a 
negative pulse for emphasizing that the first control 
light causes the all-optical device to be switched- 
off. The number of effective carriers in Fig. 5 
means a number subtracting a number of carriers 

40 in the semiconductor nonlinear waveguide 44 from 
a number of carriers in the semiconductor non- 
linear waveguide 16, and is preferable to be zero 
after switching similarly to the switching waveform. 
Thus, it can be understood that the second control 

45 pulse can entirely cancel the slow nonlinear refrac- 
tive index change generated due to the first control 
pulse. Since it is assumed that the relaxation speed 
of the nonlinear refractive index change is 1 ns, a 
difference in energy between the pulses is negli- 

50 gibly small. However, if the relaxation speed is 
increased by whatever means, it is necessary to 
establish the appropriate relationship between the 
pulse energies for obtaining the improved switching 
characteristics. 

55 In the all-optical switch, switch-off as well as 

switch-on is dependent on ultra-fast optical absorp- 
tion in principle of the operation. Thus, the switch- 
ing waveform entirely follow the excitation pulse, 
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and further the use of pulses shorter than the 
switching speed enables to obtain square switching 
waveform (digital switching waveform) as can be 
seen in Fig. 5. Thus, the switching speed is not 
dependent on the relaxation in the nonlinear refrac- 
tive index change, but is dependent on the time 
difference between the first and second control 
pulses, and hence, if such ultra-short pulses can be 
established, the switching speed corresponding to 
such pulses can be obtained. 

In the above mentioned embodiment, there are 
disposed a plurality of input ports through which 
the control lights are transmitted into the all-optical 
device. However, in a practical sense, it is prefer- 
able to introduce a single control light through an 
input port and then split the control light in the all- 
optical device. An example embodied in such a 
way is illustrated in Fig. 6 as a second embodi- 
ment. In an all-optical device 3 in accordance with 
the second embodiment, a control light introduced 
through a single input port 50 is approximately 
bisected by a 3 dB coupler 52, and then the thus 
split control lights are transmitted to the first and 
second arms 30 and 28 through first and second 
wavelength selective couplers 56 and 54, respec- 
tively. The switching speed is dependent on a 
difference in optical length between optical length 
from a 3dB coupler 52 to the nonlinear waveguide 
44 and optical length from the 3dB coupler 52 to 
the nonlinear waveguide 16. As is clearly under- 
stood from Fig. 6, the nonlinear waveguide 16 is 
first excited. However, attention should be paid to 
the following. The coupler 52 is not an exact 3 dB 
coupler, but is arranged to ensure that pulse en- 
ergy is assigned to the second arm 2 8 for gen- 
erating carriers remaining in the nonlinear 
waveguide 16 at the moment when the nonlinear 
waveguide passage 44 is excited. 

As explained hereinabove, the all-optical device 
in accordance with the invention excites the non- 
linear waveguides in the arms with a time dif- 
ference, to thereby establish ultrahigh-speed 
switching not dependent on the relaxation time of 
nonlinearity. 

Next, the improvement of switching frequency 
is explained hereinbelow. Fig. 7 illustrates a third 
embodiment of the all-optical device in accordance 
with the invention, by which a problem of operation 
frequency is partially resolved. The all-optical de- 
vice 4 illustrated in Fig. 7 has the same parts as 
the device illustrated in Fig. 6 except that the 
illustrated device has two input ports 50 and 60 
through which control lights are to be transmitted. 
The operation of the input ports 50 and 60 is 
independent from each other because they are 
dependent on different nonlinear waveguide. Ac- 
cordingly, it is possible to achieve doubled opera- 
tion frequency by operating the input ports 50 and 



60 with excitation light pulses having different 
phases but the same frequency. The illustrated 
embodiment has two sets of input ports, however, 
it is possible to achieve ten times the operation 

5 speed by arranging ten sets of input ports. In 
addition, the same effects as aforementioned can 
be obtained by appropriately arranging the satura- 
tion characteristics of the nonlinear waveguides. 
The example is shown in Figs. 8 and 9. 

10 Fig. 8 shows a general relationship in a semi- 

conductor of which the nonlinear waveguide is 
composed, between the density of photocarriers 
generated by a control light having excitation reso- 
nant wavelength, and the light transmittance at the 

75 same wavelength. In the embodiment, the semicon- 
ductor is a quantum well of GaAs or GaAs/AIGaAs. 
The light absorption decreases as the density of 
carriers present in the semiconductor increases, 
and reaches almost zero (0) when the carrier den- 

20 sity reaches approximate 6 x 10 17 /cc. This is a 
phenomenon in which the absorption coefficient is 
reduced as the intensity of the control light in- 
creases, and is called absorption saturation. Ac- 
cordingly, in the event that the nonlinear waveguide 

25 is constructed from a semiconductor as aforemen- 
tioned and its core is optically excited starting from 
an end thereof, the distribution of the carrier den- 
sity along the nonlinear waveguide is much influ- 
enced by the above mentioned absorption satura- 

30 tion characteristics. 

Fig. 9 shows the situation of how the distribu- 
tion is influenced is by the absorption saturation. 
Fig. 9 schematically illustrates the distribution of 
photocarriers in the event that the semiconductor 

35 waveguide is optically excited under the Conditions 
as mentioned above. Each rectangle denotes the 
same semiconductor waveguide. Here, for the sake 
of simplification, it is assumed that the rectangle 
has three sections A, B and C. Time is denoted by 

40 a small letter "t". The situations are depicted cor- 
respondingly to each time. As is depicted in Fig. 9 
at the top, the semiconductor waveguide is not still 
optically excited at t = 0. At t= 1, the waveguide is 
optically excites at the left end thereof, and thus 

45 the section A is first absorption-saturated. In Fig. 9, 
the absorption-saturated section (s) is(are) denoted 
with hatching. At t = 2, a next control pulse gen- 
erates the waveguide passage from the left. As is 
illustrated in the second row in Fig. 9, since the 

50 section A has already been absorption-saturated, 
the control pulse passes through the section A and 
then is absorbed in the section B to thereby bleach 
the section B. Thus, the section B is absorption- 
saturated. 

55 At t = 3, a next control pulse comes into the 

waveguide. Since the sections A and B have been 
already absorption-saturated, the control pulse is 
absorbed in the section C to thereby bleach the 
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section C. Hereinbelow, it is assumed that a 7 = 
photocarrier has the lifetime of 2.5 in the semicon- 
ductor on the same time unit as that of "t". In Fig. 
9, time t' denotes a time having passed after each 
section has been optically excited. At t = 3, the all 
sections A, B and C have been bleached, but a 
time interval t , = 2 has already passed after the 
section A has been absorption-saturated. Accord- 
ingly, the section A recovers from the absorption- 
saturation before a next control pulse reaches the 
section A at t = 4. The passage disposed on the 
right column in Fig. 9 indicates that the passage 
has a section or sections recovering from the ab- 
sorption-saturation At t = 4, a next pulse comes into 
the waveguide passage. At this time, since the 
section A recovers from the absorption-saturation, 
the control pulse is absorbed in the section A to 
thereby bleach the section A. Also at this time, 
since a time interval f=2 has already passed after 
the section B has been absorption-saturated, the 
section B recovers from the absorption-saturation 
before a next control pulse reaches the waveguide 
passage, as is illustrated at the second row on the 
right column. Accordingly, at t = 5, the section B 
absorbs the control pulse and hence is absorption- 
saturated. 

Next, the section C recovers from the absorp- 
tion-saturation since a time interval t* = 2 has al- 
ready passed after the section C has been absorp- 
tion-saturated, and is bleached again at t = 6. As 
aforementioned, by appropriately arranging the ab- 
sorption saturation characteristics of the nonlinear 
waveguide, it is possible to absorption-saturate 
spatially different sections in the waveguide in turn. 
Thus, even when the repetition frequency of the 
control pulse is faster than an inverse of the relax- 
ation time or carrier lifetime of the nonlinear 
waveguide, it is possible to respond to the control 
pulse. An all-optical device capable of achieving 
the foregoing is equivalent to one which has a 
plurality of portions revealing nonlinearity and in 
which such portions are in turn excited. Such an 
all-optical device is in principle similar to the all- 
optical device illustrated in Fig. 7, however, is con- 
sidered to be a perfect device with respect to the 
operation because it has only a single input port 
through which the control light is transmitted to the 
nonlinear waveguide. 

Hereinabove have been explained so far about 
an all-optical device in which the switching speed 
is not restricted by the relaxation time of the non- 
linear material. However, it should be noted that the 
scope of the invention is not limited to the afore- 
mentioned embodiments. In the embodiments, the 
description has been made with reference to the 
nonlinear refractive index change caused by real 
carrier generation of photocarriers in GaAs, how- 
ever, the invention is applicable to semiconductors 



such as InP and InGaAsP, organic materia! and 
other materials. The mechanism for the nonlinear 
refractive index change is not limited to the above 
mentioned carrier generation (band-filling). If elec- 

s trons and holes are electrically injected into the 
semiconductor waveguide, like the case of semi- 
conductor laser amplifier, similarly efficient, but 
slow nonlinearity occurs by stimulated emission 
caused by the control light. This and other efficient, 

70 but slow nonlinearities are equally suitable to the 
present invention. In addition, the embodiments 
have been limited, for the sake of simplifying the 
explanation, to the arrangement in which elements 
other than the nonlinear waveguide passage are 

75 composed of optical fibers, but it is also possible 
that the all-optical device be composed of semi- 
conductors. Furthermore, though the Mach-Zehn- 
der circuit is composed of a pair of 3 dB couplers 
in the embodiments, the Mach-Zehnder circuit may 

20 be composed of Y-shaped optical circuit for split- 
ting a beam or joining together split beams. The 
wavelength selecting coupler can have any forms if 
it has satisfactory functions. 

25 Claims 

1. A Mach-Zehnder type ail-optical device (2, 3, 
4) for controlling a signal light with a control 
light, comprising two arms (2 8, 30) for con- 
so stituting a Mach-Zehnder configuration, char- 
acterized by that each of said arms (28, 30) is 
composed at least partially of material having 
third order optical nonlinearity, and the all- 
optical device (2, 3, 4) has means (20, 14; 40, 
35 42; 50, 52. 54. 56; 60, 62, 64, 6 6) for introduc- 
ing a control light to a portion (16, 44, 68, 70) 
of each of said arms (28, 30) revealing optical 
nonlinearity. 

40 2. A Mach-Zehnder type all-optical device (2, 3, 
4) in accordance with claim 1, wherein said 
material has absorption saturation characteris- 
tics and nonlinear refractive index change as- 
sociated therewith in place of the third order 

45 optical nonlinearity. 

3. A Mach-Zehnder type ail-optical device (4) in 
accordance with claim 1 or 2, wherein each of 
said arms (28, 30) has a plurality of portions 

so (44, 68; 16, 70) composed of said material. 

4. A Mach-Zehnder type all-optical device (2, 3, 
4) in accordance with any of claims 1 to 3, 
wherein the optical nonlinearity of said arms 

55 (28, 30) are approximately identical with each 

other. 
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5. A Mach-Zehnder type all-optical device (3, 4) 
in accordance with any of claims 1 to 4 further 
comprising means (52, 62) for splitting a con- 
trol light into two beams and then introducing 
each beam to each of said portions (44, 16; 68, 5 
70) revealing the optical nonlinearity. 

6. A Mach-Zehnder type all-optical device (3, 4) 
in accordance with claim 5, wherein each of 
said two beams is introduced to each of said 10 
portions (44, 16; 68, 70) with a definite time 
gap. 
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